InAs quantum dots ͑QD's͒ were grown on GaAs͑113͒A and GaAs(1 1 3 )B substrates by molecular-beam epitaxy. Atomically resolved scanning tunneling microscopy images acquired in situ from uncapped samples reveal the shape of the QD's including the atomic structure of their main bounding facets. On the ͑113͒A substrate the QD's are elongated along ͓332 ] with a wide size distribution, whereas on (1 1 3 )B they are rather round and exhibit a more uniform size distribution. These observations are related to the different morphology of the substrates before QD formation. The differences in shape, size, and size distribution are discussed in terms of facet growth kinetics.
I. INTRODUCTION
Dislocation-free three-dimensional ͑3D͒ islands, called quantum dots ͑QD's͒, have attracted considerable interest recently because they behave like artificial atoms with unique optoelectronic properties.
1,2 The QD's grow in the StranskiKrastanow ͑SK͒ growth mode, 3 which often occurs in heteroepitaxy for systems with significant lattice mismatch such as InAs/GaAs (7.2%). The SK growth mode leads to an instantaneous self-organization of the QD's on top of a wetting layer, when the amount of deposited material exceeds a critical thickness which is about 1.6 monolayer ͑ML͒ for InAs/GaAs͑001͒. The QD's, composed of a low-band-gap semiconductor ͑e.g., InAs or In x Ga 1Ϫx As) and embedded in a wide-band-gap substrate ͑e.g., GaAs͒, create a confinement potential for electrons and holes. Thereby, the electronic structure of the QD's and the efficiency of the devices based on them are determined by their shape, size, and size distribution which presumably are largely fixed during the SK growth mode.
It has been known for some time that the reconstruction and orientation of the substrate play a key role in InAs/GaAs heteroepitaxy: InAs QD's form on GaAs͑001͒, 4 GaAs͑113͒A and B, 5, 6 and GaAs͑114͒A and B, 6 whereas InAs grows in the layer-by-layer growth mode with the introduction of dislocations on GaAs͑110͒, 7 GaAs͑111͒A, 8 and GaAs(1 1 1 )B. 9 The differences in growth mode have not been explained yet. Presumably, the structure of the substrate surface influences the growth kinetics, producing specific QD sizes and size distributions. 5, 10 Furthermore, the substrate orientation may induce certain bonding facets on the QD's and therefore determine their shape. [11] [12] [13] [14] [15] [16] It is therefore interesting to compare the formation and development of InAs QD's on substrates of different orientation.
It has been reported already that InAs QD's on GaAs͑001͒ exhibit two mirror-symmetry planes as on the bulk-truncated ͑001͒ substrate. From reflection high-energy electron diffraction ͑RHEED͒ observations a ͑136͒ orientation of the facets was proposed earlier. 11 Later and presumably more correctly, four ͑137͒ bounding facets were derived from scanning tunneling microscopy ͑STM͒. 13 These facets, which frame nearly the whole QD, grow with equal rates because of the same reconstruction and elastic energy density. On highindex substrates the symmetry is lower and, e.g., GaAs͕113͖ surfaces exhibit only one symmetry plane normal to the surface. Therefore, only two planes are expected with equivalent indices and growth rates. As two planes alone cannot confine a 3D island, other surfaces with different growth rates are likely to develop. Thus, preferential migration of In atoms among the different bounding facets from the slower to the faster growing facets, so-called intersurface diffusion, should be taken into account.
In this contribution we report on the influence of substrate reconstruction and orientation on the shape, size, and size distribution of InAs QD's grown on GaAs͑113͒A ͑Refs. 17-19͒ and GaAs(1 1 3 )B ͑Refs. 20 and 21͒ substrates. Generally, one defines the A and B faces as follows: A surface in the vicinity of ͑111͒A is an A face, and a surface in the vicinity of (1 1 1 )B is a B face. Although we have already reported on the atomically resolved shape of these QD's, 14, 15 we find it important to compare the growth on the two substrates in greater detail and to illuminate the role of the wetting layer. First, we show that the atomic arrangement is not the same on the bare GaAs͕113͖ surfaces and on the subsequently grown InAs wetting layers. We conclude that this obviously induces a different morphological response to the misfit strain and results in different sizes and size distributions of the QD's. Second, we demonstrate from atomically resolved STM images that, although the bounding facets appearing on the main part of the QD's are identical, the overall shape of the QD's is largely different on both substrates.
In Sec. II we will give some experimental details. In Sec. III we will combine results and discussion for the bare substrate surface, the wetting layer, the coherent islands, called QD's, the larger islands, some of them being presumably incoherent, and their growth kinetics. We also will summarize the results for the atomically resolved shape of the majority, presumably coherent QD's. The conclusion will follow in Sec. IV.
II. EXPERIMENT
The experiments were carried out in a multichamber ultrahigh-vacuum system that was equipped with a molecular-beam epitaxy ͑MBE͒ and an STM chamber ͑Park Scientific Instruments, VP2͒ as described in detail elsewhere. 22 The GaAs͑113͒A-and GaAs(1 1 3 )B-oriented substrates with a typical size of 5ϫ10 mm 2 were cut from a GaAs͑113͒ wafer (n type, Si doped, carrier concentration 1.4-4.8ϫ10 18 cm Ϫ3 , Wafer Technology͒ and prepared in the same way. The samples were cleaned by several ion bombardment and annealing cycles. Thereafter GaAs buffer layers about 50 nm thick were deposited using MBE at a sample temperature of 530-570°C. The temperature was measured by a pyrometer that was calibrated against the GaAs͑001͒ c(4ϫ4) to (2ϫ4) transition at 465Ϯ10°C. The samples were then cooled down to 450Ϯ10°C and InAs was deposited at a growth rate of about 0.05-0.07 Å /s and an As 2 /In ratio of 40-50 at an As 2 pressure of 7ϫ10 Ϫ7 mbar. The deposition of 2.5 Ϯ 0.3 ML (ML 113 ϭ1.82 Å ; the index 113 indicates the monolayer perpendicular to ͕113͖͒ of InAs onto GaAs͑113͒A and of 1.7 Ϯ 0.3 ML onto GaAs(1 1 3 )B led to the appearance of sharp spots in the RHEED pattern ͑with the electron beam along ͓332 ]͒, indicating the onset of 3D SK growth. Immediately after the transition to the SK growth, the samples were transferred to the STM chamber within 60 s without breaking the vacuum. STM images were acquired from the uncapped QD's at room temperature in constant-current mode.
III. RESULTS AND DISCUSSION
A. Bare GaAs"113…A and GaAs"1 1 3 …B surfaces and InAs wetting layers
At 450°C -the growth temperature of the InAs QD's -the bare GaAs͑113͒A surface exhibits the (8 ϫ 1) reconstruction ͓it is called ''8 ϫ 1'' with respect to the facecentered ͑113͒ unit cell͔. [17] [18] [19] It was confirmed by RHEED patterns during preparation, afterwards at room temperature, and also through subsequent STM experiments at room temperature. Zigzag chains of As dimers extending along ͓3 3 2͔ are characteristic elements of this reconstruction as depicted schematically in Fig. 1͑a͒ . The GaAs͑113͒A(8 ϫ 1) reconstruction [17] [18] [19] comprises three atomic layers with an overall corrugation of 3.4 Å and exhibits the largest unit cell among the known GaAs reconstructions: 32.0 Å in the ͓1 10͔ direction and 13.3 Å in the ͓3 3 2͔ direction. The zigzag chains in the top and middle layers are phase shifted by a quarter of the unit cell in ͓3 3 2͔ direction. Note that a surface, formed by continuously stacking zigzag chains from middle to top to next top and so on, results in a ͑3 7 15͒ surface. 23 Between the middle zigzag chains in the (8 ϫ 1) unit cell there is a trench containing As and Ga dangling bonds from the third layer. The bulk-truncated ͑113͒ surface exhibits (1 10) as symmetry plane, but the (8 ϫ 1) reconstruction suspends this symmetry. A small-area STM image of GaAs͑113͒A is presented in Fig. 1͑b͒ . We succeeded in atomically resolving the As dimers in the zigzag chains. The overall corrugation measured from STM images is 3.0 Ϯ 0.4 Å and the length of unit cell vectors is 32.5 Ϯ 0.5 Å and 13.0 Ϯ 0.5 Å , which nicely confirms the model for the (8 ϫ 1) reconstruction.
Several authors have reported on an unusual undulating morphology on GaAs͑113͒A, both for surfaces prepared by MBE and by metal-organic vapor phase epitaxy. 24 -26 In Ref. 24 it has been shown that GaAs͑3 7 15͒A and GaAs͑2 5 11͒ A surfaces appear as side facets of arrowhead like pits, surrounded by the (8 ϫ 1) reconstruction. This was not reproduced in the present study. ͑The difference may be due to the buffer layer which was about 200 nm in the former studies compared to 50 nm in the present work.͒ Under the preparation conditions in this study the surface consists of fairly small (8 ϫ 1) terraces with many islands up to 12 Å in height and up to 180 ϫ 600 Å 2 in lateral dimensions, which are seen in Fig. 2͑a͒ as large hills elongated in the ͓3 3 2͔ direction. ͑The stripes along ͓3 3 2͔ are due to the As-dimer zigzag chains.͒ The density of the hills is (3.7 Ϯ 1.5) ϫ 10 10 cm Ϫ2 , which is of the same order of magnitude as the density of subsequently grown InAs QD's. Thus, these GaAs islands may act as nucleation centers for the InAs QD's: For the first few layers of InAs overgrowing the GaAs island, strain relaxation on top of the island is more efficient than in a homogeneous InAs layer. This effect is similar to the mechanism responsible for strain-induced vertical stacking of InAs QD's on GaAs͑001͒, 27 where the lattice of the embedding material is expanded around the buried dot i.e., the local lattice constant is nearer to that of the growing InAs, and therefore the QD's in the next layer of the stack prefer to form at these areas of expanded substrate lattice.
A magnified STM image of a typical GaAs island is shown in Fig. 2͑b͒ . On both sides of the island, ͕3 7 15͖A facets develop along ͓3 3 2͔ by stacking of (8 ϫ 1) Asdimer zigzag chains. A high-resolution STM image of one of the facets is shown in Fig. 2͑c͒ . The facet is inclined to the ͑113͒A substrate by 9 Ϯ 3°and exhibits the unit cell vectors a 1 ϭ13.2 Ϯ 0.3 Å and a 2 ϭ11.0 Ϯ 0.5 Å . ͓The geometrical values for the GaAs͑3 7 15͒(1 ϫ 1) reconstruction projected onto the ͑113͒ plane are 9.7°, 13.3 Å , and 10.5 Å , respectively.͔ The size of each facet is up to 100 unit cells. As the islands have a triangular shape, facets other than ͑3 7 15͒ should develop as bounding facets. The ͕137͖A ͑Ref. 13͒ and ͕2 5 11͖A ͑Refs. 23,24 and 28͒ surfaces, whose intersection lines with the ͑113͒A surface are tilted against ͓3 3 2͔ by 16.8°and 5.7°, fulfill this requirement and were actually found in this region, as shown in Fig. 2͑d͒ . However, no long-range-ordered areas of these surfaces were observed. 18 Probably, the shape of the GaAs islands is influenced by growth kinetics, which was found to be very anisotropic on ͕113͖ surfaces. 17, 19 The ͑113͒A surface becomes more corrugated and even disordered when depositing InAs. The large-area STM image of the InAs wetting layer on GaAs͑113͒A in Fig. 3͑a͒ reveals that the 3D hills elongated along ͓3 3 2͔ still remain, with a slightly decreased density Ͻ 10 10 cm Ϫ2 , and the height and lateral dimensions are less well defined. An atomically resolved STM image in Fig. 3͑b͒ , acquired from the wetting layer between the large hills, shows the disappearance of any flat region on the surface. Poorly ordered, small arrowhead like hills develop instead of the original (8 ϫ 1) reconstruction. The 3D hills are pointing along ͓3 3 2͔ with walls built up from a mixture of ͕3 7 15͖A, ͕2 5 11͖A, and ͕137͖A surfaces. ͓In Fig. 3͑c͒ a ͑137͒A facet is shown.͔ A similar behavior of the wetting layer was observed by depositing In 0.5 Ga 0.5 As onto GaAs͑311͒A. 30 The strong undulation of the wetting layer is probably caused by a partial relaxation of the strain at the 3D hills so that a surface rich with hills may be favorable. Also, from the surface-energy point of view, covering the GaAs surface by InAs is favorable since the surface free energy of InAs(3 7 15)A, (2 5 11)A, and ͑137͒A is 42, 41, and 44 meV/Å 2 , respectively, 29 i.e., lower than for the respective GaAs surfaces. This difference in surface energy certainly favors, at least at the beginning, a 2D growth of the wetting layer and a smooth following of every substrate roughness. However, no long-range-ordered areas of these surfaces were observed after InAs deposition. Overall, the wetting layer exhibits a rather chaotic morphology. Now we turn to the (1 1 3 )B substrate which -during growth at high temperature -exhibits a well-ordered (8 ϫ 1) reconstruction ͓as on the A side, 8 ϫ 1 is taken with respect to the face-centered (1 1 3 ) unit cell͔ consisting of zigzag chains of Ga dimers in the top and middle layers, 13, 21 obviously in an identical arrangement as the As dimers on the ͑113͒A face for the As-rich (8 ϫ 1) reconstruction. It can be recognized from Fig. 4 that the mesoscopic morphology of the GaAs(1 1 3 )B(8 ϫ 1) surface differs strongly from that of the A face shown in Fig. 2 ; large terraces are observed and no tendency to form other high-index surfaces is recognized. This may be related to a presumably high energy of (3 7 15)B,(2 5 11)B, and (1 3 7 )B surfaces which have not been observed up to now.
At 470-490°C under As 2 flux, the GaAs(1 1 3 )B surface undergoes a transition to a less-ordered (2 ϫ 1)ϩ(1 ϫ 1) structure by incorporating As atoms and rearranging Ga dimers, thus filling up the trenches. This mixed (2 ϫ 1) ϩ(1 ϫ 1) structure consists of locally ordered As adatoms and dimers on the bulk-truncated (1 1 3 )B surface. 21 Thus, at 450°C -the growth temperature of the InAs QD's -the surface reconstruction is not the same as on the GaAs͑113͒A substrate. Furthermore, with the transition to the As-rich phase, the GaAs(1 1 3 )B surface does not change its morphology. 21 STM images of the InAs wetting layer ͑see one example in Fig. 5͒ exhibit terraces up to 1000 Å wide, separated by mostly monatomic steps; i.e., the (1 1 3 )B substrate remains very flat before the growth of InAs QD's starts. Moreover, near to the SK transition, as is the case in Fig. 5 , the morphology is very similar to that on ͑001͒ ͑Ref. 31͒: small ͑S͒ and large ͑L͒ 2D monatomic islands and small 3D clusters ͑C͒ up to 4 ML in height ͑potential precursors for the InAs QD's͒ are seen in the STM image. One may suppose that the very large similarity and the rather flat wetting layer may be mirrored in the similarly favorable optical properties found for InAs QD's grown on both the GaAs͑001͒ ͑Ref. 32͒ and the GaAs (1 1 3 
B. Kinetic interrelation between the shape of individual QD's and the statistical properties of QD ensembles
The development in time of a QD ensemble consists of two periods, which may, for different QD's of the ensemble, also overlap: a nucleation period and a growth period, in which the QD's acquire their final size. In the following, we will attempt to show that the relative duration of both periods is crucial for the properties of the resulting QD's. Growth proceeds by adding layers of material to the side facets of the QD's. The duration of the growth period is determined by the magnitude of diffusive flow of material from the wetting layer to the QD's, but more importantly by the speed of 2D growth of the fastest-growing facet of the QD. Due to the latter effect, the shape of the individual QD's in an ensemble and the statistical properties of the ensemble, in particular the sharpness of the QD size distribution, are interrelated.
We will first discuss the QD shape: Due to the different 2D growth speed of different QD facets, a characteristic growth shape of the QD's evolves. For an object of convex geometry, such as a QD, fast 2D growth of a facet leads to elongation of the QD in the direction of this facet, and finally the facets will disappear from the QD. The remaining facets grow more slowly, and thus the overall growth rate of the QD will become smaller and smaller, until growth stops when all available InAs has been consumed. The relative growth speed of facets can be estimated from growth experiments on patterned substrates. 34 -38 However, one should keep in mind that certain facets, on the patterned substrate or on the quantum dot or on both, may grow in step-flow mode, with the edge between two facets acting as a continuous source of steps. In this case, the detailed atomic structure of the edge and its reactive properties may be crucial for deciding the relative growth speed of the two adjacent facets.
Next we will discuss the size of the QD's: While earlier calculations for InAs QD on GaAs͑001͒ have shown that there is no energetic reason for a specific island size to be reached 39 ͑an island may grow indefinitely by decreasing its average energy per atom͒, several reasons lead to a slowing down of the growth and, finally, to a rather well-defined island size. First, there is only a finite amount of InAs available, in which a given number of nuclei must share. This leads to a well-defined value for the average island size. 40, 41 Second, large QD's tend to grow more slowly, and therefore the QD's in an ensemble tend to end up at similar sizes. There is a number of effects contributing to this rather general trend: As pointed out in the paragraph above, on larger islands, only the more slowly growing facets remain. Moreover, if the growth of a facet does not proceed in step-flow mode, a 2D nucleus must be formed on the facet each time a new layer is added. It has been argued that the activation energy for forming such a nucleus increases with the size of the facet. 42 Consequently, facet growth stops once the QD has reached a certain size. Furthermore, it has been shown, at least in a special case, that the strain field induced in the substrate around a QD hinders diffusive material flow towards the dot. 43 Since the strain field of a QD is inhomogeneous, with the highest strain values at the footing of the QD, in the center of the edge between QD and substrate ͑see Ref.
42͒, large QD's are affected more strongly by the detrimental effect of strain on surface diffusion. All these effects together give rise to a quite well-defined size of the QD's, at which their growth stops or at least becomes very slow.
Under these premises, the size distribution in an ensemble of QD's is determined by the relative duration of the nucleation period and growth period. The time scale for the nucleation period is set by the amount of supersaturation supplied by the flux of In atoms and by their diffusivity on the surface. Furthermore, in the case of heterogeneous nucleation, the number and availability of special nucleation sites will affect the duration of the nucleation period. The duration of the growth period depends mainly on the speed at which the growing QD's can incorporate the material, i.e., on the growth speed of the fastest-growing facet. If 3D growth of the QD's is rather fast, but nucleation proceeds over a longer period, the ensemble will -at each moment -consist of QD's at different stages of their growth. We call this nucleation limitation. On the other hand, if nucleation is limited to a rather narrow time interval compared to the time scale of QD growth, the final size of an individual QD will be almost independent of the moment of its nucleation, and the QD ensemble will exhibit a narrow size distribution, for the reasons discussed above. We call this growth limitation. In the following, we will compare the experimental findings for QD's grown on the GaAs͑113͒A and (1 1 3 ) B substrate with the above considerations in mind. Different atomic structures of the bare GaAs͑113͒A and GaAs surfaces and the respective InAs wetting layers let us suppose that somewhat different QD's may develop on these two surfaces. Indeed, some well-defined differences were observed experimentally. Figure 6 shows two STM images for InAs QD's grown on GaAs͑113͒A and GaAs(1 1 3 )B in a 3D plot. More detailed views from on top are given in Fig. 7 . From Figs. 6 and 7 one recognizes that on ͑113͒A three different structures can be observed: small hills or embryo dots, a larger number of QD's of intermediate size, and several larger islands. Both the QD's and the larger dots are extended along ͓332 ]. An embryo dot is marked by an arrow in Fig. 6͑a͒ and also depicted below in Fig. 9͑a͒ . The embryo dot is terminated by ͕2 5 11͖A surfaces which are inclined to the substrate by only 10.0°.
So on the GaAs͑113͒A substrate it seems that dots in different growth states are observed. Such a situation is expected for nucleation limitation, i.e., if nucleation takes place over a period typical for QD growth. We have already speculated that the QD's may grow on top of the hills in the rough substrate layer. As these hills have random sizes and different built-in strains, the critical InAs thickness will be exceeded locally at different moments during the InAs deposition. This means that events of nucleating QD's will take place over a rather long time interval.
The behavior on (1 1 3 ) B is remarkably different. The wetting layer is much more smooth and the ensemble of dots much more uniform. Besides the normal QD's, only a small number of elongated dots is observed. One of them is marked by an arrow in Fig. 6͑b͒ . Remarkable is also the different structure in the wetting layer as already discussed above. So for (1 1 3 ) B we conclude that we are in a growth regime different from the ͑113͒A surface: The nucleation period is short compared to the growth period, and the finally observed QD ensemble does not preserve any memory of nucleation. No small dots or embryos can be observed under these conditions, as can be clearly seen in Figs. 7 ͑c͒ and 7͑d͒. These observations provide clear evidence for the above-mentioned growth limitation.
The critical thickness -as established with RHEEDat which the 3D QD's are formed is 2.5 Ϯ 0.3 ML 113 for the A face and 1.7 Ϯ 0.3 ML 113 for the B face. The delay in the SK transition on the A face can be explained by the partial relaxation of InAs at the 3D small and large hills observed already on the wetting layer, because in the 3D structures InAs can better relax than in the 2D film. A similar delay of QD formation was found for In 0.5 Ga 0.5 As grown by the MBE for GaAs͑311͒A compared to GaAs͑100͒ under otherwise identical preparation conditions. 30 The different size distributions of the QD's are apparent: While there are many small as well as large dots on the A face, those on the B face are very uniform. The measured size distributions are shown in Fig. 8 . On the ͑113͒A surface, the measured diameters at the base along ͓3 3 2͔ are distributed between 30 and 60 nm with the peak of 35% at 40 nm and between 20 and 40 nm with the peak of 45% at 30 nm on the (1 1 3 ) B surface. The 3 ϫ 10 10 cm Ϫ2 in number density on GaAs(1 1 3 )B is higher than the 9.5 ϫ 10 9 cm Ϫ2 on GaAs͑113͒A. Before we compare the QD formation on the A and B faces in further detail, we briefly recall the atomically resolved shape of the individual QD's as determined by in situ STM images of unburied dots. 
D. Atomically resolved shape of InAs QD's on GaAs"113…A
It is fascinating how perfectly crystalline islands form on the disordered wetting layer on the GaAs͑113͒A surface shown in Fig. 3͑b͒. Figure 9͑a͒ exhibits an atomically resolved embryo dot which will be discussed below. Figure  9͑b͒ presents a 3D STM image of an typical InAs QD with a height of 45 Å . 15 It adopts an intermediate shape between the embryo in Fig. 9͑a͒ and the elongated island in the final growth state ͑see Fig. 12 below͒. The exact azimuthal directions on the substrate were determined from the atomically resolved wetting layer as well as from wafer-manufacturer data. The QD exhibits mirror symmetry with respect to the (1 10) plane perpendicular to the ͑113͒A substrate plane along ͓332 ]. The island comprises two symmetrical facets 1, a frontal facet 2, two small facets 3 on the summit, and a rounded region 4.
The facets 1, shown in Fig. 10͑a͒ on an enlarged scale, are identified to be ͕110͖ planes from following STM measurements: The facets are inclined to the ͑113͒A substrate by 29°Ϯ 4°and exhibit unit-cell vectors of u 1 ϭ3.8 Ϯ 0.2 Å and u 2 ϭ5.5 Ϯ 0.2 Å . ͓The geometrical values for the InAs͑GaAs͕͒110͖ surface projected onto ͑113͒ are 31.5°, u 1 ϭ3.9(3.6) Å , and u 2 ϭ5.8 (5.4) Å , respectively.͔ On the left facet 1 in Fig. 9͑b͒ ͓on the ͑101͒ surface͔ a 2D embryo, 1 ML high, can be seen that occupies the lower middle part of the facet. In the theory outlined in Refs. 39 and 42, it has been assumed that nucleation occurs at the bottom edge, which is at first glance in agreement with our observation. However, these calculations had shown that nucleation at the lower facet edge, in particular in the middle of this edge, would be associated with high strain energy i.e., the InAs material must be strongly compressed before incorporation into the QD crystal. Therefore the authors of Refs. 39 and 42 assumed that the 2D embryo grows out of one of the lower corners of the facet. Our observation shows that this assumption is not generally valid, thus casting some doubt on the details of the growth model considered in Refs. 39 and 42. The observation of such an island further indicates that the ͑110͒ facets grow rather slowly; otherwise, a full facet layer would have been developed during shutting off the Knudsen cells.
The triangular facet 2 ͓Fig. 10͑b͔͒ is a ͑111͒ A(2 ϫ 2)-reconstructed surface as derived from following measurements: It is inclined to ͑113͒A by 26°Ϯ 4°and exhibits a rhombic unit cell with the vector uϭ8.0 Ϯ 0.4 Å . ͓Geometrical values for the In͑Ga͒ vacancy buckling model of the ͑111͒A(2 ϫ 2) reconstruction 44, 45 are 29.5°and uϭ7.8 (7.2) Å .͔ The filled-state STM image in Fig. 10͑b͒ is also very similar to that acquired from the planar GaAs͑111͒A(2 ϫ 2) surface. 46 The facets 3 on the summit of the island ͓Fig. 10͑c͔͒ are ͕2 5 11͖A-reconstructed surfaces as extracted from the following measurements: The angle to the substrate and the lengths of the unit-cell vectors are 7 Ϯ 3°, u 1 ϭ11.5 Ϯ 0.5 Å , and u 2 ϭ21.7 Ϯ 1.0 Å , respectively. pear when the QD achieves the final elongated shape ͑see below͒. We note that very large ͑2 5 11͒A facets were observed on top of the InAs QD's on GaAs͑113͒A by Wang et al. 16 We believe that the difference with our results is in the different As 2 pressure which was larger by an order of magnitude in Ref. 16 . The surface free energy of the ͑110͒ cleavage plane (52 meV/Å 2 ) is independent of the chemical potential of As 2 , 53 whereas the surface energy of the GaAs͑2 5 11͒A(1 ϫ 1) reconstruction increases towards Ga-rich conditions. This means that -similar to the GaAs surfaces -the difference between energies of both surfaces was larger in the present study and therefore the InAs͑2 5 11͒ facets vanished from the QD's leaving behind the InAs͕110͖ facets.
Region 4 in Fig. 9͑b͒ exhibits a complex structure, which appears to be rounded on the intermediate islands. In the simplest case, the ͑001͒ surface, inclined to ͑113͒A by 25°, could develop in this area. The rounded shape must be attributed to a sequence of crystal planes vicinal to ͑001͒ or, equivalently, to a ͑001͒ surface with many irregular atomic steps that cannot be atomically resolved in STM. The high step density is indicative of a high growth speed in this region.
E. Atomically resolved shape of InAs QD's grown on GaAs
Only two types of islands are observed on GaAs (1 1 3 ) B: many relatively small QD's of remarkably uniform size and some large islands with very broad size distribution.
14,47 A typical InAs QD is depicted in Fig. 11 . Similar to the ͑113͒A case the QD is mirror symmetric with respect to the (1 10) plane normal to the substrate. The QD comprises a steep main part terminating by regions 1, 2, and 3 and a flat base consisting of facets 4 and 5. The flat base, which was not observed on the QD's on GaAs͑113͒A, is an intrinsic part of the InAs QD's on GaAs (1 1 3 ) B, which appears not only during growth, but still exists after annealing treatment of the samples. 47 As described in Ref. 14, two symmetrical facets 1 and the triangular facet 2 from the main part were identified to be ͕110͖ and (1 1 1 )B(ͱ19 ϫ ͱ19) surfaces, respectively. Similar to the QD's on GaAs͑113͒A a rounded structure develops also on the backside 3 of the island on GaAs (1 1 3 ) B, which was considered to be composed of a stacking of vicinal ͑00 1 ) surfaces. The flat base consists of facets 4 and 5, inclined to (1 1 3 ) B by 14.5°and 10.0°, which were determined to be of ͕1 3 5 ͖B and ͕1 1 2 ͖B orientation, respectively.
The existence of the flat base is in agreement with the idea, proposed in Ref. 15 , that the growth rate is lower on those facets where the As-As bond of As 2 has to be broken before incorporation. We will come back to this point below.
The ͕1 1 2 ͖B and ͕1 3 5 ͖B facets connect the ͕110͖ and (1 1 1 ) B(ͱ19 ϫ ͱ19) facets with the GaAs (1 1 3 ) B substrate. The latter three faces actually do not exhibit As dimers at the reconstructed surface. Also, the edges between them and (1 1 3 )B substrate do not supply sites, where As 2 molecules an be incorporated without dissociation. We speculate that this could delay the incorporation of In atoms from the wetting layer onto ͕110͖ and (1 1 1 ) B facets, while In presumably reacts with As adatoms and forms low-energy (1 1 2 )B and ͕1 3 5 ͖B surfaces at the island foot. In contrast, the rounded region of vicinal ͑001 ) surfaces can grow with As 2 . Therefore, no connecting facet develops between this region and the GaAs (1 1 3 ) B substrate. More generally, difficultieswith the incorporation of As 2 molecules may also be responsible for the above-discussed growth limitation on the GaAs (1 1 3 ) B substrate.
F. Large InAs islands grown on GaAs"113…A
About 60% of all measured InAs QD's grown on GaAs͑113͒A adopt a final shape elongated along ͓332 ] that is shown in Fig. 12 . The elongation, observed also by several other groups, 5, 48 gives rise to a spatial anisotropy of the luminescence light, which can be applied in polarizationsensitive devices. 49 In comparison to the QD in for the elongated QD's. This infers that ͑111͒A is a fastgrowing facet where In and As are incorporated relatively easily. As a consequence, new ͑111͒A layers are added quickly, causing this facet to vanish and leaving behind increasing ͕110͖ facets on both sides of the island. An analysis of the shape of several large islands with different sizes clearly shows that the larger islands have grown almost exclusively in the ͓332 ] direction, while the opposite rounded side of the islands grows only little. Instead, there is a further faceting of the rounded ͑001͒ region with appearance of (1 1 3 ) B facets.
Why is an elongation scenario realized instead of proportional growth of the rather round, intermediate shape shown in Fig. 9͑b͒ ? We believe that there is a connection between retarded growth of the rounded side and the appearance of the (1 1 3 ) B facets on it. Generally, the ͑001͒ facet grows with the largest rate as reported in experiments of simultaneous growth of low-index surfaces on patterned GaAs substrates, 34 -38 whereas other facets on the QD's on GaAs͑113͒A grow rather slowly. We would expect the growth rate of the rounded region to be increased further by the high step density on the vicinal ͑001͒ surface. When the islands adopt the final shape, elongated along ͓332 ] ͑see below͒, the vicinal ͑001͒ region partially transforms into two flat surfaces, which were identified to be (1 13)B and ͑11 3) B facets. They form well-ordered edges with the ͕110͖ facets as shown in Fig. 10͑d͒ . The (1 13)B or ͑11 3)B surface is inclined to ͑113͒A by 40°Ϯ 5°and exhibits the unit-cell vectors u 1 ϭ4.1 Ϯ 0.2 Å and u 2 ϭ13.0 Ϯ 0.3 Å . ͓The geometrical values are 35.1°, u 1 ϭ3.9 (3.6) Å , and u 2 ϭ13.7 (12.8) Å ͑Ref. 50͔͒.
In contrast to the epitaxy on GaAs͑001͒, where the As 2 molecules can be incorporated as As dimers, 51 for the growth of GaAs(1 1 3 )B, the As 2 molecules must always be dissociated. 52 Very likely, the occurrence of (1 1 3 )B facets decreases the growth rate at the rounded region strongly since breaking the As-As bonds of the incoming As 2 molecules requires some additional energy. Owing to the -with respect to ͓1 10͔ -larger diffusion length in the ͓332 ] direction, 35 the In atoms are then incorporated mainly at the ͑111͒A facet. We note here that the edge of the ͑111͒A facet with the ͑113͒A substrate allows for incorporation of As 2 molecules without dissociation. This is indicated schematically in Fig. 13 : In our model two In atoms are adsorbed at the edge whereby a bond of an As surface dimer is broken. These two In atoms together with two In atoms from the ͑111͒A facet can bond an As 2 molecule without dissociation as a new dimer. This dimer may be broken up by further In atoms and a new layer on the ͑111͒A facet starts to grow. As a result of the fast growth of the ͑111͒A facet the QD adopts the elongated shape. in the ͓332 ] direction. However, similar to the QD's on the A face, the ͕113͖A facets should develop on the ͑001 ) vicinal region. In fact, a strong decrease of the growth rate at the rounded region and a flattening of the rounded region by the formation of ͕113͖A facets is not observed in the STM images of the elongated islands. This may be due to a difference in growth rate between the ͑113͒A and (1 1 3 ) B facets. The size distribution of the elongated islands 47 is very broad with the lengths along ͓332 ] from 450 up to 850 Å. There is also no report about a polarization anisotropy from elongated QD's on GaAs (1 1 3 ) B. These facts suggest that these islands are incoherent, i.e., have one or several dislocations incorporated at the interface to the substrate which relieve the strain. Incorporating the dislocation requires to surmount an energetic barrier, and this is achieved only in a few cases ͑experimentally, 4% of all islands are found to be elongated͒. After the dislocation has been formed, the ͑001 ) region can grow with the largest rate without limitation caused by elastic strain present in the QD's, as reported for simultaneously growing low-index surfaces on patterned GaAs substrate. 36, 37 The islands become elongated along ͓33 2 ]. In Fig. 15 the models for the intermediate and the elongated QD on ͑113͒A and (1 1 3 ) B are sketched.
H. Discussion of growth kinetics
Because of its highly disordered, undulating morphology, the ͑113͒A surface very likely exhibits an inhomogeneous strain distribution just before the SK transition. The small and large hills, protruding from the wetting layer, observed in Fig. 3͑a͒ , can be considered as places where the strain is better relieved and may serve as nucleation sites. Since the height and lateral dimensions of the hills are not equal, the QD growth processes after the SK transition may proceed not simultaneously on the whole surface. Evidence for this may be found in the embryo aside from the mature QD's as can be seen in Fig. 6͑a͒ . These effects are responsible for the observed broad size distribution on the ͑113͒A substrate typical for nucleation limitation. Such a behavior has not been reported yet for the InAs/GaAs heteroepitaxy on other substrate orientations.
Besides the QD's and the presumably incoherent islands we also observe growth embryos on the ͑113͒A surface. Figure 9͑a͒ shows an STM image of a typical embryo. We have positioned this image very early in this presentation in order to facilitate the comparison with the mature QD in Fig. 9͑b͒ . The embryos have a triangular shape elongated towards ͓3 3 2͔ with the height up to 13 Å . The bounding facets are inclined to the substrate by 8°Ϯ 4°and exhibit the stripe like structure with the width of three As dimers, which is characteristic for the ͕2 5 11͖A surfaces 23, 28 ͓the geometric angle between ͕2 5 11͖ and ͑113͒ planes is 10.0°]. However, the ͕2 5 11͖A facets are fairly disordered; also narrower and wider stripes ͓marked in Fig. 9͑a͔͒ are seen on the nucleus. Interestingly, the QD's start to grow with very flat, stable low-energy surfaces, e.g., ͕2 5 11͖A in the present case; i.e., the misfit strain drives the system not immediately into a more steeper shape.
The islands on the ͑113͒A surface are terminated by ͕2 5 11͖A surfaces when they start growing from the wetting layer. Since ͕2 5 11͖ is terminated by As dimers, it may grow fast following the argument given above. Similarly to the fast growing ͑111͒A facet later in the growth process, the ͕2 5 11͖ A facets disappear from the QD's, whereas the slower growing ͕110͖ facets remain and increase in size. As ͕110͖ facets are energetically more favorable, a shape nearer to equilibrium is reached later in the growth process.
For the (1 1 3 ) B surface we suggest another growth scenario: Since the wetting layer on the (1 1 3 ) B substrate is rather flat, the strain is distributed homogeneously on the whole surface. Therefore, the probability of the QD formation is equal everywhere so that a simultaneous SK transition takes place. After the SK transition the QD's starts to grow almost simultaneously with a similar growth rate. This is one prerequisite for obtaining the narrow size distribution that is observed on GaAs (1 1 3 ) B. Nucleation can only occur initially in a time interval short compared to the typical growth time of a dot. This has been noted above as growth limitation.
It is obvious from Fig. 6 that the shape of the QD's grown on GaAs͑113͒A and GaAs(1 1 3 )B is quite different: A larger number of islands on the ͑113͒A substrate are elongated to- wards ͓332 ], whereas the islands on the B face are mostly rather round. According to our interpretation outlined above this results from the distinctive differences in nucleation and growth which very likely are induced by the differences in the respective wetting layers. The InAs/GaAs system waits for a theoretical simulation which would deliver the hierarchy of atomistic processes and the rate determining steps. Our study on the ͑113͒A surface is especially interesting for this purpose since it exhibits many different growth states: embryos, intermediate ͑coherent͒ QD's and large ͑presum-ably coherent as well as incoherent͒ islands. Interestingly on both substrates, the area from which the material is collected seems not to play a role in determining the size of the QD's: There are areas free of QD's whereas in other areas QD's are rather near to each other as can be seen from Figs. 6͑b͒ and 7͑c͒.
IV. CONCLUSION
We have compared the growth of InAs QD's on GaAs͑113͒A and GaAs (1 1 3 ) B substrates. The symmetry of the QD's and orientation of the main bounding facets are found to be equal on both GaAs͑113͒A and GaAs (1 1 3 ) B substrates. The QD's on GaAs͑113͒A exhibit (1 10) as symmetry plane, ͕110͖ and ͑111͒A bounding facets, and a rounded region of the vicinal ͑001͒ surfaces. The latter region becomes more steep with the appearance of (1 1 3 )B surfaces in a later growth state, giving rise to a shape elongated along ͓332 ]. The QD's on GaAs (1 1 3 ) B exhibit also the (1 10) symmetry plane. ͕1 1 0͖ and (1 1 1 )B and a rounded region of vicinal ͕001 ͖ surfaces serve as bounding facets. Contrary to the QD's on GaAs͑113͒A, steeper (1 1 3 ) B facets do not develop at the vicinal ͕001 ͖ surfaces and a flat base of high-index (1 1 2 )B and (1 3 5 )B surfaces develops at the foot of the ͕110͖ and (1 1 1 )B bounding facets. So although the bounding facets appearing on the main part of the QD's are identical, the overall shape of the QD's is largely different on both substrates. The differences in shape are considered to be an effect of facet growth kinetics associated with As 2 molecule dissociation.
The morphology and atomic structure of the wetting layer also seem to have an important influence on QD formation. For the GaAs͑113͒A surface, the intrinsic undulation becomes much more pronounced with depositing InAs. The roughness of the wetting layer seems to hinder diffusion. The result is a very inhomogeneous strain distribution that may inhibit a SK transition simultaneous on the whole surface. It induces a broad size distribution of the InAs QD's. Furthermore, dot embryos are found, indicating rather late nucleation events. We observe here a clear case of nucleation limitation: Nucleation takes place at the same time scale as the growth itself.
The behavior on the GaAs (1 1 3 ) B surface is quite different. The flatness of the GaAs (1 1 3 ) B surface remains also after InAs deposition. Therefore, the QD growth starts simultaneously at the SK transition and the QD's grow with equal rates, resulting in a homogeneous size distribution. 47 Here we observe a case of growth limitation. Since the SK transition is rather short in time, we are unable to observe embryo dots.
Finally we like to underline that the GaAs͑113͒A substrate offers an unique opportunity to follow the kinetics of the QD growth, from the nuclei to the mature elongated islands. This system is very appropriate for future growth simulations.
